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RESEARCH MEMORANDUM 


EEFECTS OF TWO TRAILING-EDGE CONTROLS ON THE AERO- 
DYNAMIC CHARACTERISTICS OF A RECTANGULAR WING 
AND BODY COMBINATION AT MACH NUMBERS FROM 
3.00 TO 5.05 


By Hermilo R. Gloria and Thomas J. Wong 


SUMMARY 


An Investigation "was made to determine experimentally the effects 
of two types of trailing-edge controls on the aerodynamic character- 
istics of a wing-hody eomhination consisting of a l4--percent-thick wing 
of rectangular plan form and a slender body of revolution. The two 
f controls were a full-span, 20-percent-chord, plain (imbalanced) flap 

and a full-span trailing-edge spoiler. Tests were conducted at Mach 
numbers of 3*00/ ^* 23 / and. 5 « 05 ^ angles of attack up to 12°, and 
control deflections up to ± 30 ° the flap and +8 -percent chord for 
the spoiler. 

The variations of lift coefficient with angle of attack of the 
flap-wing-body combination and spoiler-wing-body combination were 
generally nonlinear. At angles of attack greater than 4°, losses in 
lift effectiveness and control effectiveness were observed for most of 
the negative control deflections . Flap control loads and flap hinge 
moments were adequately predicted at zero angle of attack by a shock- 
expansion method for two-dimensional flow. The predicted control loads 
combined with the predictions of linear theory for the wing (including 
interference effects) and experimental results for the body were found 
to give adequate estimates of lift and pitching moment of the flap- 
wlng-body combinations. 

Comparisons of the flap and spoiler controls for equal projected 
heights above or below the wing surface showed that the flap control 
was more effective in producing lift and pitching moment than the 
i. spoiler control for most of the projected heights tested. At a given 

value of lift coefficient, the flap control contributed less drag than 
the spoiler control. 
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INTRODUCTIOIT 


Considerable research has been devoted recently to studies of 
conventional trailing-edge controls, such as flaps and spoilers, 
particularly at Mach numbers up to about 3- At higher supersonic 
speeds, however, comparatively few studies -jof these controls have been 
made. In addition, the capability of current super sonic -flow theories 
to predict the characteristics of flaps and spoilers has been studied 
for only a few cases (e.g., refs. 1 through if). To provide additional 
information on flaps and spoilers at hi^er Mach ntunbers, tests have 
been conducted in the Ames 10- by lJ)--inch supersonic wind tunnel to 
study the effect of two such trailing-edge controls on the aerodynamic 
characteristics of a wing-body combination at Mach numbers from 3»00 to 
5.05, angles of attack from -29 to +12°, and Reynolds numbers ranging 
from 0.53 to 1.19 million (based on wing chprd) . The controls tested 
were a full-span, 20 -percent -chord, plain (unbalanced) flap and a full- 
span trailing-edge spoiler. Results of this investigation are presented 
and compared with available theories. 



SYMBOLS 



— 

Ab 

body base area 



Af 

flap plan area, exposed 

— 

V 

r 

c 

wing chord 


— 

Cf 

flap chord 




drag coefficient, 

gAb 


- 

Cl 

1 ■ff+ 

lift coefficient, — ~ 
' qAb 



Cjn 

pitching-moment coefficient (moment about body nose). 




Cr 

Ch 

ACl 


pitching moment 
qAfoZ 

normal-force coefficient. 


noimal force' 

qAb 


hinge-moment coefficient, fetnge * moment 

^ qAfCf 

Incremental lift coefficient due to control deflection, 
incremental lift 
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h 

1 

M 

q 

r 

X 

CL 

5 

6 ' 


incremental pitclaing-moment coefficient atout Taody nose due to 

, , , incremental moment 

control deflection, ' ■ - v ■ ■ — ■ ■ ' ■ ■ ■ 

' qA^I 


spoiler hei^t measured from airfoil surface, percent wing 
chord (positive for downward extension) 

"body length 

free-s-feream. Mach numher 
free-stream dynamic pressure 
hody radius 
"body radius at hase 
longitudinal coordinate 
angle of attack of hody 

control deflection angle meastired frcm wing-chord plane 
(negative for upward deflection) 

projected control hel^t measured from airfoil surface and 
normal to wing-chord plane, percent chord 


EXPEEIIMEM' 

Test Apparatus and Techniques 


The tests were conducted in the Ames 10- hy llt-inch supersonic 
wind tunnel at Mach numhers of 3*00# and 5*05* A detailed 

description of this wind tiinnel and its characteristics can he found 
in reference 5* 

Lift, drag, and pitching moment of the complete model were 
measured hy a three -component strain-gage balance. Forces parallel 
a.nfl perpendicular to the halance axis and moments about the model hase 
were measured directly. All forces were then resolved to lift, drag, 
and pitching moment about the nose of the model. Hinge moments were 
meas\ared hy strain gages mounted within the model. Angles of attack 
greater than the ±5° range of the model- balance assembly were obtained 
by the use of bent sting supports. Air loads on these supports were 
essentially eliminated by shrouds that extended to within 0.040 inch 
of the model base. 


4 


NACA RM A55K0T 


Body "base pres stores were meastired in all tests and the resultant 
base forces (referred to free-stream static pressure) were subtracted 
from the total forces so that the data presented are for forces ahead 
of the body base. 


Stream static and dynamic presstores were determined from wind- 
tunnel calibrations and from tunnel stagnation pressures measured by 
a Bourdon type gage . Reynolds numbers (based on wing chord) for the 
tests were: 


Mach number 
3.00 
4.23 
5.05 


Reynolds number, 
million 

1.19 

1.09 

.53 


Models 


Rrincipal dimensions of the wing-body combination and controls 
tested are shown in figure 1. The wing had a 4-percent-thick biconvex 
section, with a 50 -per cent -blunt trailing edge, and a rectangular plan 
form with an aspect ratio of 1 (for exposed panels Joined together) , 

Hie support body had an over-all fineness ratio of 12, consisting of 
a fineness -ratio -3 nose with a 3/4-power profile (see ref, 6), faired 
to a cylindricsl afterbody of fineness ratio 9* Ihe ratio of body 
radius to wing semispan was 0.40. Results of tests on the same 
configuration employing the wings as all-movable controls are presented 
in reference 7« 

Two full -span trailing-edge controls were tested. One was a plain 
flap (unbalanced) with a chord length equivalent to 20-percent wing 
chord and the hinge line at the leading edge of the flap. The other was 
a spoiler consisting of a full-span projection at the trailing edge of 
the wing. Slap hinge moments were measured directly on a separate model, 
identical to the one described previously, by the use of an internally 
mounted strain-gage balance. 


Accuracy of Results 


Stream conditions .- Stream Mach ntaaber in the region of test models 
did not vary more than +0.02 from the mean values of 3*00, 4.23; 

5.05. Corresponding variations in stream static and dynamic pressures 
were sufficiently small so that buoyancy corrections were not necessary. 
Deviations in Reynolds nxmiber from the values previously given did not 
exceed +10,000. The estimated error in angle -of -attack values did not 
exceed ±0.2°. 
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The follotfing table of uncertaintleB represents the TtiaxljfiUTn 
possible errors invol-ved in the meastirement of the aerodynamic forces 
and moments. 


Component 

M = 3.00 

M = I^.23 

M = 5.05 

Cd 

+0.01 

+0.02 

±0.02 

Cl 

+ .01 

CVI 

o 

• 

+1 

±.02 

Cm 

±.01 

±.01 

±.02 

Ch 

+ .005 

^.01 

+ .01 


RESULTS AED DISCUSSION 


Results of the experimental iiwestigation of two trailing-edge 
controls are presented in figures 2 through 10. The data are also 
presented in table I in the form of lift, drag, norm a l -force, 
pitching-liioment, and hinge -moment coefficients as a function of angle 
of attack. 


Trailing-Edge Elap Control 


Wing-body combination characteristics .- The variations of lift 
coefficient of the wing-body combination with angle of attack, drag 
coefficient, and pitching-moment coefficient are presented in figure 2 
for all Mach numbers and control angles tested. In general, the 
results presented in figure 2 show no great change in aerod^amiq 
characteristics as test Mach number is increased, other than the 
expected decrease in lift effectiveness with increasing Mach number. 

Hie variation of 0^ with a is generally nonlinear, with Clcc 
increasing with increasing angle of attack. 

The variations with flap deflection angle of lift and pitching- 
moment coefficients for the combination are presented- in figure 3 • 
general, for angles of attack greater than 0°, the curves show some 
reduction in control effectiveness, BCui/Sb, as control deflections 
range from positive to negative control an^es, idiat is, as the control 
projections go from the high-pressure side of the airfoil to the lee 
or low-pressure side. This is most evident at angles of attack of 8° 
and 12°, Tdiere there are no appreciable changes in Cl and Cm as 6 
changes from -20° to -30°. Although most of this loss in effectiveness 
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can be accounted, for from invlscid theoretical considerations, shock- 
induced separation of the laminar boundary layer ahead of Ihe flap 
hinge line may also contribute further losses at the large negative 
control angles . 

For pu 2 i*poses of comparison, theoretical estimates of and Cm, 
are also presented in figure 3. The theoretical estimates of Cl and 
Cm for the •wing-body combination were obtained in the following 
manner; First, experimen-tal values of Cl and Cm for the body alone 
were obtained from reference 8. The forces and moments due to the 
wing and to 'wing-body interference "were calcoilated after the method of 
reference 9*^ The Incremental lift and pitching-moment coefficients 
due to control deflection, ACl and ACm, were estimated by use of the 
slender-alrfoil shock-e3cpanslon method of reference 10.^ The summation 
of these three contributions is presented in figure 3 as the theoretical 
estimates of Cl and Cm- 

Comparison of the predictions of the theory -with measured results 
(fig. 3) shows that the predictions of lift coefficient are in good 
agreement throughout ■the range of test parameters. Agreement be'tween 
theoretical and measured values of pl'tching -moment coefficient is 
generally satisfactory for flap angles less than 20°. 

Hinge-moment characteristics . - The variations -with angle of attack 
of the flap hinge-moment coefficients, C^, are presented in figure h. 

In general, the variation of C^ with a is linear for small values of 
5 (|6.( < 10°). For large negative control angles, the values of Cti 
decrease sharply as a is Increased above 0°. This change is thought 
to s-tem from flow separation ahead of the hinge line Induced by shock- 
wave boundary-layer Interaction. For large positive flap deflections, 
ho'wever, no abrupt change in C^ "with increasing a is apparent. 

The variations of Cl, with flap angle, presented in figure 5^ are also 
nonlinear. The nonlinearity at large positive flap deflections, for 
the most part, is due to the nonlinear variation of pressure coefficient 
with flow deflection angles. For the large negative flap deflections, 
the nonlinearities are possibly due to the effects of shock-wave 
boundary-layer In'teraction. 

Comparisons of experimental res-ults with predictions of shock- 
expansion theory are made in figure 4. The theory gi'ves adequate 
predictions of flap hinge-moment coefficient for flap., deflections from 
-20° -bo +30° over the -test remge of angle of attacgT For the largest 

^Reference 9 'presents estimates of Cl ^d Cm for aU*miovable "wlng- 
body combinations. The values used in "the present report are for values 
of the imdeflected wing (6 = 0°). 

^The method of reference 10 is applicable ■to two-dimensional flow 
only. Additional computations involving three-dimensional effects were 
not Included since no improvement in the predicted values of Cl. and Cm^ 
was obtained by using these additional computations . 


negative flap deflection, hoTrever, the agreement between theoretical 
and experimental values of is poor for angles of attack greater 

than 0°. This difference again is attributed to shock-wave houndary- 
layer interaction effects . 


Trailing -Edge Spoiler Controls 

Wing-hodv combination characteristics .- Variations of lift coeffi- 
cient of the wing-body combination with angle of attack, drag coeffi- 
cient, and pitching-moment coefficient are presented in figure 6 for all 
i-fech numbers and spoiler heights tested. There is no large change in 
the aerodynamic characteristics of the combination with increasing Mach 
number other than the expected decrease in lift effectiveness. In 
general, the curves presented no marked dissimilarity from the results 
presented for the flap control. 

Figure 7 shows the variation of measured lift and pitching-moment 
coefficients with spoiler heights at various angles of attack of the 
wing-body combination. Again the marked similarity between these 
results and those for the flap is evident. Both lift and moment 
coefficients show the same trend as with the flaps , that is, a decreasing 
control effectiveness for spoiler deflections ranging from positive to 
negative values for all angles of attack greater than 0°. 

A comparison of the relative effectiveness of flap and spoiler 
controls is made in figures 8 and 9 for M = 3*00 • lift and 

pitching-moment coefficients of the control-wing-body combinations are 
presented as a function of the projected hel^t of the controls above 
or below the airfoil surface and normal to the wing-chord plane. It 
can readily be seen that, for equal control heights, the flap control 
is usually more effective than the spoiler control throughout the range 
of control heights presented. The flap control gives increases in 
effectiveness ranging from about 10 percent at the large angles of - 
attack to 100 percent at a = 0° for most positive control heights. 

For most negative control heights at a 0°, the advantage of the flap 
control is more pronounced since the spoiler tends to lose its lift 
and pitching-moment effectiveness altogether. An additional comparison 
is made in figure 10 where the relative efficiencies of the two control- 
wing-body combinations are presented. It is seen that, for equal 
control heights, the flap control contributes less drag than the spoiler 
control at a given value of lift coefficient of the test model. In 
addition, since the flap control has been shown to be a more effective 
control than the spoiler, it can be assumed that the projected control 
hei^t of the spoiler will be larger than that of the flap control to 
praduce trimmed conditions for the test configuration. Tais, in turn, 
would lead to an additional drag penalty associated with the use of 
spoiler controls . 
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CORCnjSIONS 


An experimental investigation of the effects of two types of full- 
span trailing-edge controls .on the aerodynamic characteristics of a 
wing-hody combination has been made at Mach numbers of 3.00, h.23, and 
5 . 05 , and Reynolds numbers ranging from 1.19 to O .53 million. An 
analysis of the results for the 20 -percent-chord plain flap control 
and the spoiler control, and comparison of experimental results with 
available theory have led to the following conclusions: 

1 . Ihe variation of lift coefficient with angle of attack of the 
flap -wing -body combination is generally nonlinear, with the slope of 
the lift curves increasing with increasing single of attack. Losses in 
control effectiveness are noted for large negative control angles at 
angles of attack greater than about l{-°. In general, flap control effec- 
tiveness decreased with increasing Mach number. 

2. The aerodynamic characteristics of the spoiler-wlng-body 
combinations show the same trends as the flap-wing-body combination. 
Comparisons of the flap and spoiler controls for equal projected heights 
above or below the wing surface show that the flap control is more 
effective in producing lift and pitching moment than the spoiler control 
for most of the control heights tested. At a given value of lift 
coefficient, the flap control contributes less drag than the spoiler . 
control. 


3 . The aerodynamic characteristics of the flap-wing-body combina- 
tions are predicted with reasonable accuracy by a method that combines 
theoretical values of wing and control loads with experimental results 
for the body alone. The theoretical wing loads (including interference 
effects) are calculated by linear-theory methods, and the control loads 
are calculated by a two-dimensional shock-expansion method. 

4. Flap hinge moments vary linearly over the angle -of -at tack range 
for flap deflections from -10° to +10°. For large negative flap deflec- 
tions the variation of hinge moments with angle of attack are nonlinear, 
due apparently to the effects of shock -wave boundary -layer interaction. 
For large positive flap deflections, hinge moments are nonlinear due to 
the nonlinear variation of pressure coefficient with flow deflection 
angle . The two-dimensional shock -expansion method gives adequate pre- 
dictions of hinge-moment coefficients for flap deflections from - 20 ° to 
+ 30 ° for the entire range of angles of attack. For -30° control deflec- 
tion the predictions of the theory are poorer. In general, hinge-moment 
coefficients decreased with increasing Mach number. 

Ames Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Moffett Field, California, Nov. J, 1955 
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TABLE I.- AERODYNAMIC CHARACTERISTICS OP CONTROL -WING -BODY COMBINATIONS 

(a) Trailing-edge flap control 
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TABLE I.- AERODYNAMIC CHARACTERISTICS OP CONTROL-WING -BODY COMBINATIONS 

(b) Trailing-edge spoiler control 
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Figure /- Principal dimensions of test models. 
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’O O 0 0 4 8 12 16 O O 0 0 .2 .4 .6 .8 LOO 0 0 0 -4 -.8 -L2 -L6 -2.0 

S’cr ±kt ±2cr ±so* S^o* ±icr ±20" ±3cr 8*0’ Jjo' iar iso* 

Angle of attack^ a, degrees Drag coefficient Cq Pifctung-momenf coefficient. Cm 


(c)M=505 

Figure 2.- Aerodynamic characteristics of the wing-body combinatton with a 20-percent-chord fraiiing-edge flap 
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0 0 4 8 12 f6 0 O 0 ,2 .4 £ .8 iO 0 0 0 -4 -8 -L2-L6-2D 

h’0% +4Z ±&% hrOX ±4* ±S% h<‘OX ±4% ±8% 

Angle of attack, a, degree Drag coefficient, Cq Pitching-moment coefficient. Cm 

(c)M=5.05 

Figure 6.- Aerodynamic characteristics of the wing-body combination with a fail-span trailing-edge spoiler. 
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‘ Spoiler height, h, percent wing chord 

(a) M= 3.00 (b) M=4.23 (c) M-505 

Figure Z- Variation of iift coefficient and pitchmg^moment coefficient with spoiler height 
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a = t2 


a^a 
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Oj projected control height above wing surface, percent chord 


Figure 8.- Variation of lift coefficient with projected control height at 3.00. 
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Flap control 

Spoiler control 
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V 0 0 O .2 , 

S'=0% 3% 6% 8% Co 

Figure iO.- Relative efficiency of the two controhwing-^body combinatims at M • 3.00. 
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